Abstract The aroma profile of raw truffles, of truffle sauces, and of natural and artificial truffle flavored oils made from or made to imitate Tuber magnatum, Tuber melanosporum, and Tuber aestivum was characterized by solid-phase microextraction-gas chromatography-mass spectrometry (SPME-GC-MS). Both naturally and artificially made oils were not only mainly dominated by bis(methylthio)methane (BMTM), a marker compound typical of white truffle, but also found in most of the oil samples flavored with black truffle. BMTM was not detected or detected in low amounts in black truffles but was very high in sauces (59.74-77.691%); instead, 1-octen-3-ol was high in truffles (35.227-75.208%) but low in sauces. Along the same lines, terpenoid compounds such as α-cubebene, copaene, caryophyllene, α-caryophyllene, and α-farnesene were not detected at all in T. aestivum raw truffle but were present in most truffle sauces. Thus, it was found that neither the natural nor the artificial truffle oil samples adequately replicated the aromas of the species of truffle examined, and this was confirmed by principal component analysis (PCA).
Introduction
Truffles (Tuber spp.) are part of the ascomycota phylum of the fungi kingdom and they are found underground, growing as symbionts with specific trees by forming ectomycorrhizae (Gioacchini et al. 2008) . They are highly prized by local people and food connoisseurs worldwide for the unique aromas they add to dishes. However, their cultivation is hard to control and depends on many factors, such as soil conditions, temperature, humidity, and the surrounding flora and fauna (March et al. 2006) , and consequently, truffles are among the most expensive foodstuffs in the world, costing as much as 600€ to 6000€ per kilogram (Wang and Marcone 2011) . Tuber magnatum (white truffle) is considered to have the most complex aroma and is thus more expensive than Tuber melanosporum (black truffle) and Tuber aestivum (summer truffle), the latter being the least flavorful and most readily available truffle (Diaz et al. 2003) . These three most common truffles in Europe are found mainly in Mediterranean regions, notably Italy, France, and Spain (Culleré et al. 2010; Diaz et al. 2002) , and they are also the most studied (Wang and Marcone 2011) . Other truffles worth mentioning include a 'whitish' truffle from Italy, Tuber borchii; two black truffles, Tuber indicum (Chinese truffle) and Tuber brumale; and desert truffles such as Terfezia and Tirmania (Wang and Marcone 2011) . All Tuber spp. have been studied for a variety of reasons ranging from their nutritional composition to anti-microbial, anti-viral, anti-inflammatory, and anti-oxidant activities, but most studies have focused on the aromas of truffles (Wang and Marcone 2011) . Truffles have a characteristic aroma, but it is subject to variations because of such factors as the geographical origin, maturity, hydration, and storage conditions of the truffle (March et al. 2006) . Also, the distinctions in the aromas of various subspecies can be attributed to the predominance of different compounds. For example, dimethylsulfide (DMS) has been identified in white, black, and summer truffles (Gioacchini et al. 2008; Culleré et al. 20105) , with 2-and 3-methylbutanal characteristic of T. melanosporum and β-phenylethanol characteristic of T. aestivum (Wang and Marcone 2011) . A k e y c o m p o u n d i n t h e a r o m a o f w h i t e t r u ff l e (T. magnatum) is bis(methylthio)methane (BMTM) (also known as 2,4-dithiapentane). Producers were quick to use this compound as flavoring in truffle oil and various flavored food products because it is inexpensive, soluble, and stable, with highly effective olfactory characteristics and persistence, as well as low toxicity. In fact, although it was correctly identified as the characteristic aroma of white truffle (T. magnatum), producers used it in abnormal amounts to strengthen the aroma of products made from or in imitation of other truffle species, such as T. melanosporum and T. aestivum, which are characterized by completely different aromas. Since aromas are made of volatile organic compounds, the headspacesolid-phase microextraction-gas chromatography-mass spectrometry (HS-SPME-GC-MS) technique has proved useful in their identification (Kataoka et al. 2000; Splivallo et al. 2010; Kitson et al. 1996) . Several studies reported the use of GC-MS as a sensitive technique to assess the aromas and composition of truffles from different geographic areas (Bellesia et al. 1996; Bellesia et al. 1998; Gioacchini et al. 2005) or even to identify a species in an effort to fight fraud (Diaz et al. 2002; Gioacchini et al. 2005) . GC-MS has also been used to differentiate between natural and artificial truffle products (Pacioni et al. 2014 ). Products such as truffle oils and sauces have been developed to preserve the volatile aromas of truffle and also to get the most out of the truffle. Truffle oils can be made artificially with addition of a number of compounds to try to replicate the aromas of a truffle, or they can be made naturally, for example, by infusing the oil with truffle (but not only). Sauces, instead, consist of chopped up mushrooms of another genus, Agaricus bisporus, being the most common oil, a small percentage of truffle (typically around 1% of the ingredients), and almost always added flavorings. Since artificially flavored truffle sauces and oils cost much less to produce than natural truffle products, they can be marketed at unbeatable prices and hence can be purchased by a wider clientele. In the EU, artificially , which state that the name and list of ingredients must not mislead a consumer and that the flavorings added must be safe for human use. However, it has been found that manufacturers of truffle flavored oils have been using combinations of flavorings that do not correspond to the type of truffle stated on the label (Pacioni et al. 2014) . Also, there have been concerns over the safety of certain of these flavorings. The aromas of truffle oils have been the subject of only two past papers, one of which studied their composition while the other authenticated prized truffles in products (Pacioni et al. 2014; Rizzello et al. 2012) . Truffle sauces, instead, have not been featured in any works. Given this dearth of studies on the aromas of truffle-based products, the present work examined a wide variety of natural and artificial truffle flavored oils to identify molecules characteristic of a truffle species (white T. magnatum, black T. melanosporum, and summer T. aestivum) and used these results to assess how well these products mimic the aromas of raw truffle in order to provide information that can help producers optimize their products and consumers as well. The study analyzed the three species of truffles themselves, natural and artificial truffle oils made from or in imitation of truffle species and, finally, sauces made from T. aestivum, since the latter are the most widely consumed and readily available truffle products in supermarkets in Italy and Europe, yet, to date, have not been the subject of scientific analyses. To our best knowledge, no previous study has examined such a variety of truffle products.
Materials and Methods

Samples
A total of 20 samples were analyzed (Table 1) . Samples 1-6 regard T. magnatum (white truffle) itself, as well as three natural and two artificial white truffle oils. Samples 7-12 concern T. melanosporum: one is a sauce, two samples are natural truffle oils, and three samples are artificial oils. Samples 13-20 are from T. aestivum: two of them are the summer truffles, one from an important Italian truffle company (Urbani Tartufi S.r.l., Sant'Anatolia di Narco, Perugia, Italy) and the other from a local supermarket, and six of them are sauces. Samples 1, 2, 3, 5, 8, 9, 10, and 13 were also provided by Urbani Tartufi S.r.l., while the others were purchased from local supermarkets in Camerino, Italy. All sauces used olive oil except sample 17, which used corn oil.
Chemicals
A divinylbenzene/carboxen/polydimethylsiloxane (DVB/ CAR/PDMS) Stable Flex fiber of 50/30 μm was purchased from Supelco, USA and used for the HS-SPME.
SPME
For every SPME analysis, 1 g of sample with 500 μL of water (purified with the Milli-Q system) was measured into a vial (20 mL), and a magnetic stirrer was added. A PTFEsilicon septum was used to close the vial and make it airtight. The vial was heated under stirring at around 1300 rpm, the temperature was 60°C, and the equilibrium was reached after 15 min. The fiber was then exposed to the headspace of the sample for 13 min. Once the extraction time had ended, the fiber was removed from the vial and placed in the injection port of the gas chromatogram. A desorption time of 15-20 min with the injection temperature of 260°C was adequate to desorb most of the analytes from the fiber in all conditions. After desorption from the fiber, the extract was directly transferred to the analytical column. The fibers were cleaned daily to prevent contamination. Cleaning was done by performing a blank GC-MS run with the same conditions mentioned above (Diaz et al. 2002) .
GC-MS Analysis
A gas chromatograph and mass selective detector were used in combination (Agilent, Santa Clara, CA, USA; Agilent 6890N along with Agilent 5973N), and the separation was performed on an HP-5MS column of 5% phenylmethylpolysiloxane, the dimensions of which were 30 m length × 0.25 mm id, 0.1 μm film thickness (J&W Scientific, Folsom, CA, USA). An AgilentChem workstation was used for the GC-MS system. The flow rate of helium was 1 ml min −1 in splitless mode and the injector temperature was 260°C. The column temperature program began at 40°C (5 min) then increased to 200°C at 5°C min
, and then 200°C for 2 min. The mass spectrometer used the electron impact (EI) mode with an ionization voltage of 70 eV, and the scan ion monitoring (SCAN) mode to produce the spectra of the separated compounds. A mixture of alkanes (C 5 -C 30 ) (Sigma, Milan, Italy), diluted in hexane, was loaded onto the SPME fiber via the headspace technique and injected at the above temperature programs to calculate the retention indices (Kovats indices) of each compound. Peak assignment of the chromatograph was based on the computer matching of the mass spectra with the WILEY275, NIST 08, and ADAMS libraries; a matching quality of over 60% was accepted. It also took into account the retention indices of the analyzed compounds compared with those reported by the NIST 08 library (NIST 08 2008) . This was done in accordance to the standards from the International Organization of the Flavor Industry (IOFI 2012) statement. The relative amounts of volatile compounds, in percentages, were calculated by dividing the area of the gas chromatogram peak of each component by the total of the area of all components under the conditions given above. Data were analyzed by using MSD ChemStation software (Agilent, version G1701DA D.01.00).
PCA
In order to understand the relationships among different truffle samples and to determine the main constituents influencing the chemical variability, a covariance data matrix composed of 20 samples and 131 variables was prepared and subjected to principal component analysis using STATISTICA 7.1 (Stat Soft Italia S.r.l., Vigonza, Italy). Before analysis, values of variables were normalized and missing data were replaced for the purpose by 0.01%. Eigenvalues were calculated and score and loading plots including both truffle samples and volatile constituents were generated.
Results and Discussion
Method Validation
Repeatability can be expressed using the coefficient of variation (CV) % obtained performing the HS-SPME-GC-MS analyses in triplicate. In this study, the coefficient of variation for the analyses of the various products ranged from 0.47 to 6.81% for T. magnatum, from 1.37 to 7.11% for T. melanosporum, and from 2.27 to 6.86% for T. aestivum products. The inter-day repeatability of the HS-SPME-GC-MS method was determined by 3-day replicate analyses of volatiles, evaluated on the same aliquot at the same conditions; the CV% ranged from 1 to 3.9%, accounting for very high constant results in the stability of truffle products. The quality of the mass spectra matches between the analyzed compounds and the reference spectra included in the GC libraries was, in most cases, high, and we only took compounds with a match quality above 60%. The quality of the alkane mixture run through the HS-SPME-GC-MS system did not enable the calculation of the Kovats indices for compounds with retention times under 1.628 min or over 30.457 min. H e n c e , t h e i d e n t i f i c a t i o n o f t h e s e c o m p o u n d s (dimethylsulfide, 2-methyl-1,3-butadiene, 2-methylpropanal, tributyl acetylcitrate, n-hexadecanoic acid, octadecanoic acid, bis(2-methylpropyl)ester-1,2-benzenedicarboxylic acid, dibuthylphtalate) only relied on the quality of the match of their mass spectrum to a reference and on their retention time compared to that in other samples analyzed here. Apart from dimethylsulfide, all the other compounds are present in very low percentages. In all cases, the Kovats index calculated was very close to the values reported in the literature; in most cases, the match quality was very high (match quality around 85-99%); thus, the compounds were correctly identified.
White Truffle (T. magnatum)
A total of 62 different volatile organic compounds (VOCs) were identified in white truffle and white truffle oils (Table 2 ). There were 21 VOCs identified in white truffle, whereas 17, 9, and 8 were found in natural truffle oil samples 2, 3, and 4, respectively. Instead, 7 and 13 different VOCs were found in the artificial truffle oils (samples 6 and 5, respectively). The percentage of the total compounds identified in the six samples analyzed ranged from 57.2 to 99.53%.
Compounds indicated in the literature as characteristic of T. magnatum (Gioacchini et al. 2008; Wang and Marcone 2011; Bellesia et al. 1996) and also identified in our T. m a g n a t u m s a m p l e ( 1 ) w e r e a s f o l l o w s : bis(methylthio)methane (BMTM), 1-octen-3-ol, dimethylsulfide, and methyl (methylthio)methyl disulfide. From a semiquantitative point of view, the major compounds detected in white truffle (sample 1) were BMTM (67.335%), 1-methoxy-3-methylbenzene (9.051%), 3-hydroxy-2-butanone (7.583%), and dimethylsulfide (2.956%). Instead, 1-octen-3-ol (0.091%) and methyl (methylthio)methyl disulfide (0.05%) were present in low percentages. Terpenoid compounds such as D-limonene, caryophyllene, α-pinene, and others, detected in T. magnatum (Gioacchini et al. 2008 ), were instead not detectable in our white truffle sample. This may be due to many factors such as geographical origin, maturity, or storage conditions of the truffle.
Comparison Between Raw Truffle and Natural Truffle Oils (T. magnatum)
The compounds present in sample 1 (the white truffle) and common to natural truffle oil samples were DMS (40.412% in sample 2, 18.571% present in sample 3, not detected in sample 4), BMTM in low percentages in samples 3 and 4 (0.895-2371%) but not present in sample 2, 1-octen-3-ol detected only in sample 2 in very different quantities (46.594%), and 2-octenal detected only in sample 2 (1.162%) ( Table 2 ). Thus, sample 2 was rich in 2-octenol (12.077%) and terpenoids such as eugenol (12.94%), β-elemene (0.151%), caryophyllene (1.224%), α-caryophyllene (0.362%), alloaromadendrene (0.125%), and others. In sample 3, we found octane (26.379%) and D-limonene (5.448%), while in sample 4, we observed hexanal (20.48%), 2-hexenal (6.939%), and 1-octene (2.846%), but no terpenoids other than cis-ocimene (0.541%). To summarize, characteristic aromas such as BMTM were found in some of the natural white truffle oil samples (3 and 4) but in low quantities. On the contrary, when DMS was present, it was found in higher quantities in the natural truffle oils rather than in the truffle itself. Studies have indicated that both BMTM and DMS are characteristic of the aromas of white truffle (Gioacchini et al. 2008; Wang and Marcone 2011; Bellesia et al. 1996) . No other sulfur compounds were found in the oils, nor any other characteristic compounds of white truffle aroma indicated in the literature (Gioacchini et al. 2008; Wang and Marcone 2011; Bellesia et al. 1996) . Thus, the composition of these natural truffle oil samples differed significantly from that of the white truffle itself.
Comparison Between Raw Truffle and Artificial Truffle Oils (T. magnatum)
No compounds were common to both artificial truffle oil products (Table 2 ), perhaps because sample 5 was provided directly by Urbani Truffles while sample 6 was purchased in a local supermarket. In sample 5, the major compounds were 3-methyl-1-butanol (48.90%) and DMS (36.95%). The main compounds in sample 6, instead, were BMTM (52.833%) and ethyl ester butanoic acid (11.476%). Compounds common to samples 1 and 5 were as follows: DMS (2.956 and 36.95%, respectively) and 1-octen-3-ol (0.091 and 3.214% respectively). Compounds common to samples 1 (raw truffle) and 6 were BMTM (the percentage is very close) and nonanal (0.074% in truffle and 1.55% in oil). The aromatic profile of the oils, once again, was not very similar to that of the raw truffle. The main compounds identified have been previously found in white truffles (Wang and Marcone 2011; Splivallo et al. 2010 ), but the amounts that each contributes to the overall aromas were quite different from the raw truffle. In fact, the aromatic profile of sample 5 was more characteristic of black truffles due to the absence of BMTM and the presence of DMS and 3-methyl-1-butanol in high quantities, while the aromatic profile of sample 6 was dominated by BMTM (as for white truffle) but without the presence of many other compounds (Diaz et al. 2003; Culleré et al. 2010; Bellesia et al. 1998 ).
Comparison Between Natural Truffle Oils and Artificial Ones (T. magnatum)
VOCs that are common to both types of oil were DMS and BMTM, which were found in much larger quantities in the artificial samples, and 1-octen-3-ol, which was present only in samples 2 (46.594%) and 5 (3.214%) ( Table 2 ). There were no other common compounds found in both natural and artificial truffle oil samples. Some volatiles already quantified in flavored olive oil samples (Pacioni et al. 2014 ) were 3-methyl-1-butanol (not detected-80.8 μg/kg), nonanal (not detected-5.47 μg/kg), 2-hexenal (3.38-1737 μg/kg), methyl (methylthio)methyl disulfide (not detected-2.81 μg/kg), and D-limonene (not detected-15.17 μg/kg), together with the more common DMS and BMTM (Pacioni et al. 2014 ). In our study, only the last four were identified in our white truffle oil samples (Gioacchini et al. 2008) . To conclude, both naturally and artificially made truffle oils failed to capture the complexity and entirety of white truffle aromas and sample 5 even seemed to even mimic the profile of black truffle.
Black Truffle Sauce (T. melanosporum)
One sauce, two natural truffle oils, and three artificial ones were analyzed by HS-SPME-GC-MS. A total of 58 different VOCs were identified in the black truffle sauce and in the different truffle oils flavored with T. melanosporum (Table 3) . Twenty-two VOCs were identified in the sauce: 15 and 10 VOCs were found in sample 8 and 9 (natural truffle oils), whereas 14 and 11 were found in artificial truffle oils, samples 11 and 12. The percentage of total compounds identified in the analyzed six samples ranged from 51.32 to 99.71%.
The sauce made from T. melanosporum (sample 6) contained many compounds that are characteristic of T. melanosporum (Diaz et al. 2003) , such as DMS (1.768%), 2-butanone (0.663%), 1-octen-3-ol (6.372%), 3-octanone (2.001%), 3-octanol (3.296%), and nonanal (0.439%) (Culleré et al. 2010 ). However, it was strange to find that this sample contained a high percentage of BMTM (69.496%), as this compound is typical of white truffle. Some terpenoid compounds such as α-pinene (0.163%), copaene (0.098%), and apiol (0.142%) were also detected. From a chemical point of view, the flavor of the sauce did not seem to fully correspond to the species of truffle declared on the label. This may well be an example of the misleading practice of using BMTM to flavor black truffle products (Pacioni et al. 2014) .
Comparison Between Truffle Sauce and Natural Truffle Oils (T. melanosporum)
The natural truffle oils (samples 8 and 9) made from black truffle did not seem to have as many characteristic aromas as the sauce (Table 3 ). The aroma profile of sample 8 was dominated by DMS (45.08%) and eugenol (34.18%), with low percentages of many terpenoids: caryophyllene (3.829%), α-caryophyllene (1.109%), alloaromadendrene (0.361%), β-selinene (0.523%), α-selinene (0.673%), and cadinene (0.291%). Not only was this particular aroma profile very different from that of the sauce, but it did not even appear to be typical of T. melanosporum truffle (Diaz et al. 2003; Culleré et al. 2010) . On the other hand, in sample 9, even if the percentage of total aroma identified was quite low (51.32%), we detected many compounds characteristic of T. melanosporum truffle (Diaz et al. 2003) , such as 2-methyl-1-propanol (5.553%), 2-methylbutanal (0.703%), and 2-methyl-1-butanol (10.251%). Octane (4.509%) and D-limonene (17.245%) were also detected in high amounts.
Comparison Between Truffle Sauce and Artificial Truffle Oils (T. melanosporum)
The comparison of the volatile profile of the three artificial truffle oil samples (10, 11, 12) displayed branded differences (Table 3) . Samples 11 and 12 seemed to mimic the aroma of the sauce quite well, displaying the same high percentage of BMTM (50.881-71.419%, respectively) and DMS (4.037-1.027%, respectively) and the same low percentage of nonanal (0.307-1.341%). Sample 11 was even more similar to the sauce (sample 7) compared to sample 12, showing more volatiles in common but in different percentages, such as 2-butanone (5.789%), dimethyl sulfoxide (1.566%), 1-octen-3-ol (0.190%), and caryophyllene (0.135%). Although samples 11 and 12 contained some volatiles already detected in T. melanosporum and characteristic of this truffle species such as DMS, 2-butanone, and nonanal, among others, the high percentage of BMTM made them different from the aroma profile of black truffle. Sample 10 differed from samples 7 (sauce), 11, and 12, as its volatile profile was mainly characterized by DMS (40.898%) 3-methyl-1-butanol (53.728%), and 6-methyl-5-hepten-2-one (2.778%), quite atypical compared to those expected for T. melanosporum products.
Comparison Between Natural and Artificial Truffle Oils (T. melanosporum)
The natural truffle oils and the artificial ones were quite different, especially in the percentage of BMTM, which was found in high amounts in the artificial truffle oils (samples 11 and 12) and in that of 2-butanone (5.789% in sample 11, 9.089% in sample 12, but not detected in natural truffle oils). The aroma profile of sample 10 was not so different from that of sample 8 in terms of DMS (40.898 and 45.08%, respectively), and from samples 8 and 9 in terms of BMTM, which was not detected in these truffle oil products. The high percentage of 3-methyl-1-butanol and 6-methyl-5-hepten-2-one (2.778%) in sample 10 distinguished this sample from all the others. On the other hand, samples 8 (natural truffle oil) and 11 (artificial ones) had in common DMS (45.08-4.037%), dimethyl sulfoxide (1.513-1.566%), caryophyllene (3.829-0.135%), eugenol (34.18-0.383%), and α-caryophyllene (1.109-0.016%), even if most of them were present in different amounts. Sample 9 (natural truffle oil) had no compounds in common with the three artificial truffle oil samples and the other natural truffle oils (sample 8). 
Summer Truffle (T. aestivum)
A total of 77 VOCs were identified in summer truffle and in the six sauces analyzed ( The two samples of summer truffles analyzed differed from each other. The major compounds detected in sample 13 were those belonging to the family of C8 compounds such as 1-octen-3-ol (75.208%), 2-octenal (6.897%), 3-octanol (3.581%), and 2-octenol (1.128%); hexanal (1.654%) and 2-butanone (1.714) were also found. The literature reports that high amounts of C8 compounds are characteristic of T. indicum (the Chinese truffle) (Diaz et al. 2003; Culleré et al. 2010) . Instead, the percentage of hexanal must be due to lipidic oxidation occurring during preservation of truffles at low temperature. In sample 14, the major compounds detected were 2-butanone (38.246%), 1-octen-3-ol (35.227%), and 1,4-dimethylbenzene (7.193%). This truffle had an intense aroma profile. In fact, as reported in the literature (Diaz et al. 2003) , high levels of DMS (1.042%) and 2-butanone (38.246%) and low levels of 2-methylpropanal (not detected), 2-methyl-1-butanol (1.354%), acetone (not detected), and ethanol (not detected) are associated with a positive unique aroma.
Comparison Between Truffle Sauces and Raw Truffle (T. aestivum)
As mentioned above, a high number of VOCS were detected in summer truffle sauces (Table 4 ). All these samples (from 15 to 20) were dominated by BMTM, ranging from 54.74% of sample 16 to 77.691% of sample 18. Another compound detected in all samples was DMS, present in low amounts, with a range from 0.053% of sample 17 to 1.918% of sample 18. Octane was present in all samples apart from sample 20 (from 0.122 to 0.603%), while 1-octen-3-ol was not detected in sample 18. The latter was found in high amounts, ranging from 1.977% of sample 20 to 8.338% of sample 17. DLimonene was found in five samples, ranging from 0.597 to 3.26, but not detected in sample 17. Also, nonanal, a minor compound, was not detected in only one sample (20). Other volatiles found in different sauces were 2-butanone, benzyl alcohol 3-octanone and 2-decenal, present in 4 sauce samples. The main differences between truffles and sauces were in terms of BMTM, 1-octen-3-ol and octane. The first was present in high amounts in the different sauces but not detected (sample 13) or detected in a low amount (0.123% of sample14) in truffle. 1-octen-3-ol was very high in truffles (35.227-75.208%) but low in sauces. Instead, octane was not detected at all in truffles, but present in 5 out of 6 sauces analyzed. Benzyl alcohol, benzaldehyde, and 2-decenal together with terpenoid compounds such as α-cubebene, copaene, caryophyllene, α-caryophyllene, and α-farnesene were present in most samples among truffle sauces, but not detected at all in truffle samples. 
PCA
PCA of volatile constituents in 20 truffle-based samples showed that they are clustered in three different groups. This clustering was not correlated to either the Tuber species used to obtain the final product or the food matrix in which they were incorporated (e.g., vegetal oil, sauce etc.). The 2D graphical representation of PCA is reported in Fig. 1 and represents 75.04% of the total variance in the data set. The variability of data was generated mostly by the content of bis (methylthio) (Fig. 1b) . Samples on the left hand side and upper right side of the score plot included natural and artificial oils and sauces made with different Tuber species (i.e. T. magnatum, T. melanosporum, and T. aestivum). They formed two distinctive clusters characterized by high levels of bis(methylthio)methane, and 3-methyl-1-butanol, and dimethylsulfide, respectively (Fig. 1a) . Therefore, the analysis of volatile components did not permit in this case to differentiate the origin and processing of truffle-based food products. On the other hand, samples on the lower right hand side of the PCA score plot (Fig. 1a) included two real truffles obtained from T. aestivum (samples 13 and 14) which were characterized mainly by the mushroom-like alcohol 1-octen-3-ol. Therefore, from this study, only 1-octen-3-ol appears to be a chemical marker differentiating T. aestivum with respect to the other species. This study compared the volatile organic compounds of raw truffles and their respective oils or sauces, and PCA analysis confirmed that there are no striking similarities between the two for a given species. The misuse of bis(methylthio)methane in black and summer truffle products was highlighted too. In fact, BMTM was not detected or detected in low amounts in black truffles but was very high in sauces (59.74-77.691%); instead, 1-octen-3-ol was high in truffles (35.227-75.208%) but low in sauces. Along the same lines, terpenoid compounds such as α-cubebene, copaene, caryophyllene, α-caryophyllene, and α-farnesene were not detected at all in T. aestivum raw truffle but were present in most truffle sauces.
Thanks to studies like this, we hope that flavoring companies will be able to produce good mimics of specific truffle aromas at a lower cost to the public. As instrumentation develops, it is probable that more VOCs will be detected. A promising avenue for further studies could be assessment of human perception of the aromas. (PC 1) and 18.62% on the vertical axis (PC 2). Samples are represented by numbers corresponding to those reported in Table 1 
